Introduction
Sleep appears to be a universal phenomenon; it has been observed in distantly related animals, from fruit flies to humans. Furthermore, it occupies a non-trivial amount of the lifespan in all such species. Considering that sleep is a state that negates the gathering of nutritional resources, contravenes reproduction, precludes active social interaction, and renders vulnerability to predation, it is perhaps the most perplexing of all organismic behaviors. On these grounds, there should have been significant evolutionary pressure to select against such a brain and behavioral state of apparent inactivity. Yet, sleep has persisted, suggesting that there must be considerable functional benefits that outweigh the obvious detriments. In this review, we consider one such adaptive process that may have provided an evolutionary driving force for the emergence and/or persistence of sleep: neural plasticity underlying memory processing. Figure 1A and 1B provide a synopsis of the stages and structure of non-rapid eye movement (NREM) and rapid eye movement (REM) sleep, and associated electrophysiological properties most relevant to the ensuing discussion of learning and memory. Figure 1C additionally describes the key stages of memory that sleep has been shown to interact with: the initial encoding or learning of information and the subsequent offline consolidation of that information. In the current review, we focus largely on learning, memory and plasticity that is dependent upon the hippocampus. We examine the role of sleep before learning, in determining initial encoding, and sleep after learning, in governing offline memory consolidation. Furthermore, this analysis is performed at the molecular, cellular, network and whole-brain human levels. For reviews of sleep and its role in other forms of memory, and other stages of memory, see [1] [2] [3] .
The Molecular Impact of Sleep and Sleep Deprivation
Studies in the 1970s and 1980s reported that transcription, the process of making ribonucleic acid (RNA) from deoxyribonucleic acid (DNA), was accelerated by sleep [4] . The observation that sleep modulates gene transcription was confirmed using more sophisticated microarray analyses, which allow for the simultaneous examination of thousands of individual transcripts. These studies revealed that approximately 5% of gene transcripts in the rat cortex are modulated by sleep and wakefulness [5] . Wakefulness was associated with increased expression of genes in the cortex that support high-energy demand, elevated transcriptional activity and synaptic potentiation. Interestingly, sleep was reported to elevate cortical messenger RNA (mRNA) levels of genes associated with protein synthesis [5, 6] , a process known to be critical for the building of new synapses and the strengthening of existing synapses. Although much of this research has focused on the cortex, recent work has revealed similar patterns of gene regulation in the hippocampus [7] . Thus, the general consensus is that sleep promotes mRNA translation, while extended wakefulness caused by sleep deprivation negatively impacts clusters of genes critical for translational processes, including those known to be essential for memory encoding and consolidation [5] [6] [7] [8] [9] [10] . Extending these findings, recent work in the cortex has demonstrated that sleep-dependent consolidation of visual experience also involves the regulation of protein translation, similar to that observed in studies of the impact of sleep deprivation on hippocampal function [7, 11] (Figure 2A) . Thus, sleep deprivation may impair memory consolidation in part by reducing the synthesis of proteins needed to support synaptic plasticity (for review see [12] ).
Studies using genetically modified mice have established that transcriptional regulatory proteins such as the cAMPresponse element binding protein (CREB) are critical for long-lasting forms of synaptic plasticity and associated memory consolidation. Moreover, they are activated by multiple signaling cascades, including the cAMP-PKA signaling pathway [13, 14] . Although the impact of sleep deprivation on gene expression is not uniform throughout the brain, most genes that are affected by sleep deprivation contain a cAMP-responsive element [15] . This indicates that sleep and sleep deprivation may specifically modulate the function of transcription factors such as CREB that bind to the cAMP-response element. Consistent with this view, CREB phosphorylation within the hippocampus is elevated during REM sleep ( Figure 2B ) [16] and reduced after 5-6 hours of total sleep deprivation or longer periods of REM sleep deprivation ( Figure 2C ) [17] [18] [19] [20] (but see [21] ). This compromised CREB signaling caused by sleep deprivation could be a critical component of memory deficits associated with loss of sleep.
The cAMP signaling pathway regulates CREB activity, and this pathway is critical for long-lasting forms of hippocampal synaptic plasticity and memory storage [22, 23] . Hippocampal cAMP levels are elevated during REM sleep [16] and cAMP signaling is impaired by sleep deprivation [17] . Long-lasting, cAMP-dependent forms of long-term potentiation (LTP), a cellular model of learning that relies on molecular mechanisms that also underlie memory consolidation [24] , are impaired by five hours of total sleep deprivation. Importantly, the deficits in LTP were unrelated to the mild increase in corticosterone levels observed after sleep deprivation, indicating that sleep loss, rather than accrued stress, were underlying these LTP impairments [17] . In line with these observations, adrenalectomized rodents still show memory deficits after sleep deprivation [25] , further emphasizing that while sleep deprivation can be stressful, it is sleep loss itself, rather than stress induced by sleep loss, that perturbs synaptic plasticity underlying memory consolidation.
Biochemical analyses indicated that such sleep deprivation results in the elevated activity of cAMP-degrading phosphodiesterases (PDEs), particularly of the PDE4 family ( Figure 2D,E) . Moreover, deficits in synaptic plasticity and memory caused by short periods of total sleep deprivation are prevented by blocking PDE4 activity. Together, these observations indicate that cAMP signaling is negatively impacted by sleep deprivation that may in turn disrupt memory consolidation processes through impairments in CREB-mediated gene transcription.
Only a few studies have conversely examined how gene expression profiles are altered by the presence (rather than absence) of sleep after a waking experience. Ribeiro et al. [26] found that expression of the immediate early gene zif268 is upregulated during both REM sleep and SWS in animals that were exposed to an enriched environment prior to the sleep episodes relative to the sleep of control animals not exposed to the enriched environment ( Figure 2F ). Because zif268, like CREB, is critical for memory storage, the upregulation of zif268 RNA levels during REM [143] . SWRs are temporally coupled to the slow wave and spindles in the neocortex, forming a potential oscillatory substrate for hippocampus-neocortex communication during NREM. During REM, both the neocortex and the hippocampus express faster, tonic patterns of theta activity (w4-8 Hz, varying in frequency across species [130, 144, 145] ). (C) Memories develop in several stages over time. A memory is first encoded by engaging with an experience, resulting in a neural 'memory representation'. Following encoding, this representation can undergo several stages of development [1, 3] , the most commonly recognized being consolidation wherein memories become increasingly resistant to forgetting over time. Following successful consolidation, memories can be retrieved long-term. Both sleep before and after learning seems to be modulated by, and capable of modulating, these distinct phases of memory.
sleep and SWS following exposure to the enriched environment may reflect ongoing consolidation of prior waking information encoded in the enriched environment. In a follow-up study, Ribeiro et al. [27] induced LTP in the hippocampus during wake and examined expression of zif268 during subsequent periods of REM sleep. LTP-induction in the hippocampus during wake led to the upregulation of zif268 mRNA levels in REM sleep. Interestingly, the upregulation of zif268 mRNA levels were not limited to the hippocampus where LTP was induced, but was also observed in the amygdala, entorhinal, and auditory cortices. These findings suggest that the hippocampus may be involved in a larger scale (re)activation of prior learning-dependent networks during subsequent REM sleep, thereby facilitating the (A) Five hours of total sleep deprivation reduces total protein levels of mTOR and mTOR phosphorylation in the hippocampus (n = 9 per group, **P < 0.005, *P < 0.01). All error bars denote s.e.m. (Adapted from [7] .) (B) pCREB immunoreactivity in area CA1 of the hippocampus is elevated during NREM sleep (n = 5-8 per group, P < 0.05). (Adapted from [16] .) (C) consolidation of memory traces and their transformation throughout other brain regions. In summary, key molecular mechanisms known to be involved in memory encoding and consolidation, including cAMP-CREB-mediated gene transcription and de novo protein synthesis through mTOR signaling, are beneficially regulated by sleep, and disrupted by sleep deprivation ( Figure 2G ). From these data emerge the question of how such molecular changes alter cellular properties in neuronal circuits, to which we now turn our attention.
The Cellular Impact of Sleep and Sleep Deprivation
Electrophysiological recordings in vivo allow researchers to follow the same neurons over time and measure firing properties of individual neurons or local field potentials. These techniques have been used to examine how cellular activity, including aspects related to learning and memory, change during wake, sleep, and throughout the course of sleep deprivation. Work in the 1980s suggested that REM sleep was critical for memory consolidation (for review, [28] ). Recent studies have revealed that local field potentials are enhanced after a period of NREM slow wave sleep, suggesting that the strength of synaptic connections between neurons increases during NREM sleep ( Figure 3A ) [29] . In vitro analyses indicated that the enhancement required activation of both AMPA and NMDA receptors as does neocortical postsynaptic LTP. Such findings suggest that sleep, and in particular slow wave sleep, may act to maintain cortical synaptic plasticity through LTP-like phenomena that are critical for the consolidation of memories.
The synaptic homeostasis hypothesis postulates that experience and learning during wakefulness leads to a widespread synaptic potentiation. This hypothesis, developed by Tononi and Cirelli [30, 31] , derives support from experiments that have identified increases in neuronal activity during prolonged wakefulness at the cellular and molecular levels. Counteracting this, sleep is associated with synaptic downscaling [30, 31] . Further, synaptic downscaling is proposed to occur during SWS, based on the homeostatic regulation observed with these slow oscillations. The hypothesis, which (C-E adapted from [17] .) (F) Schematic of the generation of the bitransgenic mice expressing dnSNARE in glia using two different lines of transgenic mice. One is a line of mice in which the human GFAP promoter drives the expression of tTA. The second, tetO.dnSNARE, contains a tet operator (tetO)-regulated dnSNARE domain and EGFP reporter gene. By crossing these two lines, the dnSNARE domain is expressed only in astrocytes. All mice were maintained on doxycyclinecontaining food (+Dox) until the beginning of the experiments. Three to four weeks before experiments, mice were put off doxycycline food (-Dox) to induce dnSNARE expression. focuses on sleep as a synaptic re-balancing mechanism, has received support from a number of integrated experimental findings [32] [33] [34] [35] [36] [37] , and has led to constructive discussion [38] [39] [40] . How results consistent with the synaptic homeostasis hypothesis may be reconciled with the cellular results discussed here, indicative of sleep-dependent maintenance of LTP, remains unknown. However, the work by Chauvette and colleagues [29] along with the work of Tononi and others suggests that perhaps synaptic downscaling and upscaling may occur in parallel, but in different neural circuits within the same cortical brain region. Future studies are required to address the mechanism(s) that may simultaneously support downscaling and upscaling in NREM sleep, and whether downscaling occurs in the hippocampus.
It is particularly interesting that electrical firing patterns that induce synaptic plasticity in hippocampal slices, such as theta burst stimulation and high frequency stimulation, occur endogenously during REM and NREM sleep. During exploration in wake and in REM sleep, hippocampal neurons express firing patterns characterized by theta rhythms (Figure 3 ) [41] [42] [43] . In contrast, in quiet waking and NREM sleep the same neurons fire in concentrated short bursts (approximately 120 ms) called sharp-wave ripple complexes, followed by low hippocampal firing rates between ripple events ( Figure 3 ) [44, 45] . Within the hippocampal subfield area CA1, a portion of the hippocampus critical for episodic declarative memory, neuronal firing rates display a 'sawtooth'-like pattern, with moderate increases in firing rate during slow wave sleep and reduced firing rates during subsequent REM sleep periods [46] . These increases during sharp-wave ripple events may reflect a local replay of newly encoded memories across ensembles of cells; a proposal discussed in detail in the following section.
Field recordings of neuronal populations have also been used to determine how neuronal activity properties change after learning and consecutive episodes of sleep, and how they are impacted by sleep deprivation. Winson, Abzug and others in the 1970s and 1980s reported that the excitatory postsynaptic potentials are reduced during slow wave sleep relative to alert wakefulness, with intermediate values observed during REM sleep [47] [48] [49] . Field recordings focusing on hippocampal CA1 Schaffer collaterals indicate that as little as 5-12 hours of total sleep deprivation, or sleep fragmentation for 24 hours, impairs long-lasting forms of LTP, including those that require activation of the cAMP-PKA-CREB pathway and depend on protein synthesis ( Figure 3C-E) [17, [50] [51] [52] [53] . Likewise, longer periods of REM sleep deprivation attenuate hippocampal LTP [19, [54] [55] [56] [57] [58] . In vivo recordings in awake rats indicate that selective REM (but not NREM) sleep deprivation after LTP induction in the dentate gyrus significantly impairs the long-term maintenance of that induced LTP [59] . This conclusion is further strengthened by recent evidence indicating that hippocampal cAMP and CREB phosphorylation levels are elevated during REM sleep ( Figure 2B ) [16] , although future work is needed to define the selective roles of NREM and REM sleep.
Glutamatergic signaling plays a critical role in the synaptic plasticity that underlies memory consolidation [60] . Several reports have investigated how such signaling is impacted by sleep loss. For example, extracellular glutamate levels in the cortex were found to steadily increase and remain elevated during the first few hours of total sleep deprivation, after which they start to decline [61] , suggesting that loss of sleep perturbs glutamatergic signaling. Unfortunately, no studies have assessed whether hippocampal extracellular glutamate levels change during the course of sleep deprivation, although several clues suggest this may be the case. Work by Kopp et al. described alterations in NMDA receptor subunit composition in hippocampal CA1 with sleep deprivation [52] . Specifically, increases in the number of NR2A subunits developed, thereby leading to alterations in calcium signaling and synaptic plasticity after four hours of total sleep deprivation [52] . However, others do not observe changes in hippocampal CA1 NMDA receptor function using whole-cell recordings after five hours of total sleep deprivation [17] . While the reasons for this difference remain unclear, one contributing factor may be the different handling methods used to impose the sleep deprivation in each study [62] ; for detailed discussion see [12] .
In addition to total sleep deprivation, long periods of selective REM sleep deprivation also result in decreased hippocampal NMDA receptor function, attributed to decreased surface expression of NR1 and NR2A subunits [55, 56] (but see [63] ), or NR2B subunits [63] . Interestingly, treating hippocampal slices with glycine, which facilitates NMDA receptor function, reversed the LTP deficit caused by long periods of REM sleep deprivation. This indicates that attenuated NMDA receptor activity appears to be a functional contributor to the deficits in hippocampal plasticity following longer periods of REM sleep deprivation [56] . Beyond NMDA receptors, AMPA receptors are another group of glutamatergic receptors that are important for memory. Twelve hours of total sleep deprivation and 75 hours of REM sleep deprivation both decrease phosphorylation of the glutamate receptor 1 (GluA1) subunit PKA phosphorylation site [55, 64] (but see [21] ). As a consequence, there is a reduction in the potentiation of GluA1-containing AMPA receptors [65] . In summary, the work described above suggests that glutamatergic signaling is attenuated by longer periods of sleep deprivation.
In addition to glutamate function, studies have examined how extended wakefulness and sleep also change extracellular adenosine, a degradation product of ATP whose levels increase with brain metabolism. Extracellular adenosine progressively increases during wakefulness and subsequently declines during sleep [66] [67] [68] . Researchers are working to identify the source of this extracellular adenosine, and one interesting idea is that it may derive from ATP released by glia [69] . To prevent neurotransmitter release from astrocytes (i.e., gliotransmission), mutant mice were engineered that express the cytosolic portion of the SNARE domain of synaptobrevin 2 (DN-SNARE) selectively in astrocytes ( Figure 3F,G) . DN-SNARE expression in astrocytes attenuated the increase in extracellular adenosine that normally occurs under conditions of sleep loss [68, 70] , and deficits in hippocampal LTP and memory consolidation normally seen after sleep deprivation were not observed under these conditions ( Figure 3H ) [51, 71] . Furthermore, chronic infusion of the adenosine A1 receptor antagonist 8-cyclopentyl-1,3-dimethylxanthine (CPT) into the brain also prevented sleep deprivation-induced deficits in the maintenance of hippocampal LTP ( Figure 3I ) [51] , and the consolidation of both object place and object identity memories [51, 71] . Thus, astrocytes, via their ability to release ATP in a calcium-dependent fashion, may be one critical intermediary governing the impact of sleep deprivation on neuronal function.
Sleep, Network Activity and Memory
Moving beyond the functioning of individual cells during sleep, classic work by Pavlides and Wilson [72] demonstrated that groups of 'place' cells in the rodent hippocampus, which fire preferentially when an animal is in a specific spatial location, increase their firing rate specifically during subsequent NREM sleep after learning ( Figure 4A ). Furthermore, such latent activity was time limited, returning to baseline levels after approximately three hours. From these findings emerged the proposal that experience-dependent neural activity during wake (here, place cells within the hippocampus) is re-instantiated during later NREM for finite time periods, potentially reflecting network-level memory (re) processing. Subsequent investigations [44, 73] have demonstrated that both the coordinated spatial and temporal patterns of learning-related hippocampal place cell firing are subsequently re-expressed during NREM sleep (and see [42] for a report of REM sleep-associated hippocampal replay). The speed of this replayed during NREM is as much as 20 times faster than during prior waking experience [74] , the reasons for which remain largely unknown.
The reactivation of hippocampal ensembles during NREM sleep occurs in temporal synchrony with the hippocampal sharp wave ripple (SWR) complex (Figure 1) . Moreover, the SWRs themselves show a temporal coupling with the neocortical depolarization (following periods of hyperpolarization), reflecting the up-state of the slow oscillation [75] ( Figure 1) . Interestingly, SWRs increase in number during NREM sleep after hippocampus-dependent learning [46, [76] [77] [78] [79] . Furthermore, abolishing SWRs during NREM after learning impairs subsequent offline consolidation [80] . Although the precise functional role that SWR events play in consolidation remains unclear, such findings support their causal involvement in sleep-dependent memory processing.
To characterize the dynamics of replay between the hippocampus and neocortex, offline spike-firing correlations between the visual cortex and hippocampus have been examined during sleep after spatial learning [81] . In NREM sleep episodes following learning, cells in both the visual cortex and hippocampus demonstrate a structured pattern of activity organized into periods or 'frames' that are statistically similar to task-related activity expressed during prior wake. Moreover, the frames in the visual cortex begin and end slightly ahead of those in the hippocampus (by approximately 50 ms; Figure 4B ). Hippocampal replay during NREM sleep (co-occurring with SWRs) may therefore be preceded, and potentially driven, by cortical reactivation, rather than (or in addition to) spontaneous reactivity instigated within the hippocampus itself. While neural replay in the hippocampus and cortex is a potential substrate for sleep-dependent memory consolidation, it should be recognized that a relatively small number of cells express such replay, and their strength of correlation with prior learning is somewhat low. There are several potential explanations for this. One reason is that the amount of recorded waking experience during the experiment (often just minutes in total) represents a small proportion of the animal's total waking time and experience. Therefore, it may not be surprising that only a small number of cells and time windows during the ensuing sleep recordings (re)express this brief experimental pattern. Furthermore, replay studies only sample a relatively small number of cells of the total hippocampus or cortex involved in the experimental experience, making the probability of observing replay necessarily lower.
Recently, the intrinsic replay of network ensemble activity during NREM sleep has been manipulated experimentally using extrinsic triggers [82] . Rodents performed a spatial learning task during wake that was associated with specific sound cues. When these same auditory cues were represented during sleep, both individual hippocampal place cells, as well as the ensemble set of hippocampal cells, demonstrated a replay bias towards re-expressing prior cue-associated firing patterns ( Figure 4C) . Furthermore, such induced replay was observed only in NREM sleep, and not during subsequent offline periods of time awake or REM sleep. Reminiscent of the original studies by Pavlides and Wilson [72] , the efficiency of these cues to induce patterned reactivation was also time limited, decaying in the later cycles of sleep.
In summary, considerable evidence now exists for learning-dependent ensemble reactivation within the hippocampus and cortex during sleep. Moreover, such coordinated replay may initially be instigated, in part, by activity within the cortex, one function of which may be to re-instantiate contextual (e.g., visual perceptual) signals necessary for accurate instructed replay within the hippocampus. That hippocampal reactivation can be experimentally induced using auditory cues, which are presumably first processed by the cortex, is consistent with this proposal. Following cortex-initiated reactivation, hippocampal replay may in turn send feedback to further influence cortical replay, ultimately promoting recurrent strengthening and hence long-term hippocampal-neocortical consolidation of select memory representation during NREM sleep.
Sleep and Memory Processing in the Human Brain Sleep before Learning for Memory Encoding
Building on early human behavioral studies [83, 84] , pioneering work by Drummond et al. established that sleep deprivation prior to learning disrupted encoding-related functional activity within the human medial temporal lobe [85] . Subsequent investigations have established that one night of sleep loss impairs encoding-related activity within the bilateral posterior hippocampus [86] , leading to the failure of participants to encode twice as many stimuli, relative to those in a sleep-rested condition ( Figure 5A ). Moreover, selective slow wave sleep deprivation alone is sufficient to impair hippocampal encoding activity and associated memory formation [87] . These findings in the human brain are in considerable agreement with work discussed earlier in rodents, describing compromised cellular and molecular processes within the hippocampus that lead to learning impairments following prior sleep loss.
Although such evidence establishes the detrimental impact of a lack of sleep on hippocampal encoding, a recent study has described the proactive benefit of sleep in restoring learning ability [88] . Hippocampal encoding capacity was assessed twice across a six hour daytime interval, with half of the participants remaining awake, while the other half obtained a 100-minute nap opportunity during this time. Learning capacity decreased across the day in those who remained awake. In contrast, participants who were allowed to sleep demonstrated a numeric enhancement in subsequent encoding ability. Furthermore, the degree of encoding restoration positively correlated with the duration of Stage 2 NREM sleep as well as the number of corresponding fast (13.5-15 Hz) sleep spindles (see Figure 1 for definition) over the left prefrontal cortex. Similar learning-related spindle associations have recently been reported across a full night of sleep [89] . Adding to the suggestion that NREM sleep aids in the restoration of encoding, prefrontal electrical stimulation targeting the enhancement of NREM slow wave activity also increases subsequent post-awakening episodic memory encoding ability [90] . While no associations were identified with spindle activity, fast-frequency sleep spindles were nevertheless organized by the up-phase of the slow waveenhancing electrical stimulation, suggesting a possible co-operative relationship between these oscillations in promoting memory encoding.
Together, these findings describe an emerging role for sleep before learning, including specific NREM physiological oscillations, in renewing next-day hippocampal encoding capacity. They are consistent with a proposed framework of sleep-dependent memory processing that predicts declining episodic learning capacity with continued waking experience [91] . Consequently, NREM sleep spindles in the cortex, co-occurring with hippocampal sharp wave ripples [78] , and possibly grouped by the slow oscillation [78, [92] [93] [94] , promote a shift from hippocampal-to increasing cortical-dependence of previously encoded representations. The result is not only the consolidation of the original memory representations themselves, but synergistically, the postsleep restoration and thus renewal of hippocampal encoding ability upon awakening.
Sleep after Learning for Memory Consolidation
A robust literature has now described the necessary role of sleep after learning in the subsequent offline consolidation of memory in humans (and in animals), including hippocampus-dependent memory [1, 91, 95, 96] . Moreover, this sleep benefit confers functional resilience beyond simply slowing the passive forgetting of information over time. Instead, sleep is capable of rendering new memory representations more robust and therefore less vulnerable to the interfering influence of competing learning upon awakening [97] . Such overnight consolidation benefits on tasks of declarative episodic memory have commonly been attributed to early night sleep, rich in SWS [98] [99] [100] [101] [102] . Subsequent investigations have established a causal role for NREM slow waves in memory consolidation. Following learning of a word-pair list, transcranial direct current stimulation was applied over the prefrontal cortex (a region with monosynaptic connections to the hippocampus [103] ) during early night SWS. Stimulation increased EEG power within the slow wave range [104, 105] , consequently resulting in greater memory retention ( Figure 5B [105] .) (C) Progressive decrease in retrieval-related hippocampal activity measuring using fMRI for information learned before a nap, with intervening amount (min) of SWS demonstrating a significant relationship with recognition memory for items learned before the nap ('Remote'; white circles, solid line) compared to items learned after the nap ('Recent'; black circles, dotted line). Hippocampal effects are significant at P < 0.05, family-wise error (FWE)-corrected. (Adapted from [118] .) (D) Overnight hippocampal-neocortical transformation of episodic memory across young and older adults measured using fMRI, with a progressive independence of next-day retrieval-related hippocampal activity (left panel) and converse increase in hippocampal-medial prefrontal cortex connectivity correlating with the amount of prior SWA (white circles: young adults, black circles: older adults). Effects are significant at P < 0.05, FWE-corrected within regions of interest. (Adapted from [117] .) replicated using rhythmic auditory stimuli presented in NREM sleep to enhance slow wave activity [106] .
Interestingly, electric stimulation not only elevated slow wave activity in the above report, but also increased sleep spindle activity, again suggesting a possible interaction between spindles and slow oscillations. Spindle activity increases following episodic learning in humans [107] , indicative of a homeostatic response to encoding and thus potential demand for subsequent offline consolidation. It is of note that similar evidence has been reported in rodents following hippocampus-dependent learning, demonstrating increases in NREM cortical sleep spindles [108] as well as hippocampal SWRs [77] . Furthermore, the density of human sleep spindles positively predicts episodic memory recall the next day [109, 110] . A recent combined fMRI-EEG study has described increased functional connectivity between the hippocampus and select regions of the neocortex during the occurrence of sleep spindle events, further suggesting an underlying spindlerelated mechanism capable of supporting memory consolidation [111] . While the relationship between spindles and consolidation may be especially strong for memories that are most dependent on the hippocampus [112], the impact of sleep and sleep loss on different functional subfields of the human hippocampus [113] remains largely unknown. Addressing this knowledge gap will provide important homologous evidence with work in rodents, described earlier.
Building on these past findings, emerging translational studies have begun to examine changes in sleep-dependent memory across the life span and in disease states. For example, in contrast to the abundance of SWS and related SWA in children and young adults, marked reductions in both are observed in older adults. Moreover, the extent of deficient NREM SWS predicts impaired overnight memory retention in middle-aged adults [114] , healthy older adults and patients with amnestic mild cognitive impairment [115] . Most recently, it has been established that the degree of atrophy in the medial prefrontal cortex in older adults -a region known to be involved in the electrical source generation of slow waves [116] -predicts the extent of impaired SWA in the elderly, and with it, consequent impaired overnight episodic hippocampal memory consolidation (Figure 5D ) [117] . Not only does this suggest the deterioration of sleep-dependent hippocampal memory consolidation with age, but at a clinical level, endorses the proposal that improving SWA in older adults represents a novel treatment target for minimizing cognitive decline in later life [117] .
As the physiological oscillations of sleep that promote memory consolidation have been increasingly well described, the underlying neural mechanisms supporting these benefits continue to be explored at the whole-brain human level. Several human neuroimaging reports have provided evidence that sleep plays a role in supporting the transformation of episodic memory from initial hippocampalto increasingly neocortical-dependence. In the first such report, Takashima and colleagues examined the benefit of a daytime 90 min nap on episodic memory consolidation [118] (Figure 5C ). It was demonstrated that the duration of NREM SWS during the intervening nap positively correlates with post-sleep recognition memory performance and negatively correlates with retrieval-related activity in the hippocampus. Beyond SWS, SWA over the prefrontal cortex similarly promotes the progressive independence of retrieval-related hippocampal activity, and positively predicts the extent of increased retrieval-related hippocampal-medial prefrontal cortex connectivity ( Figure 5D ) [117] . Moreover, one night of post-training sleep deprivation significantly compromises hippocampal-neocortical neural dynamics associated memory recollection [119] .
Analogous to data described earlier in rodents, several studies have examined hippocampal reactivation during NREM sleep in humans. Following learning of a 3D navigation maze initially associated with hippocampal activity, increased regional cerebral blood flow within the hippocampus re-emerges during subsequent SWS ( Figure 6A ) [120] . Moreover, the degree of reactivation during SWS predicts the success of task performance the next day ( Figure 6A) . A recent report using simultaneous EEG and fMRI has further demonstrated that patterns of prior wake encoding activity re-emerge in both the hippocampus and in the neocortex during NREM sleep. Importantly, these patterns of reactivation are phase-locked to the occurrence of NREM sleep spindles [121] , with the extent of neural reactivation proportional to the degree of post-sleep memory retrieval success.
Beyond intrinsic reactivation, several studies have extrinsically triggered memory reactivation during sleep in humans, and with it, enhanced post-sleep memory retrieval (for a detailed review, see [122] ). An initial study [123] presented individuals with an odor during SWS that was previously presented during learning. Relative to a control condition (where the odor was not presented at night), re-exposure to the odor during SWS results in greater cooccurring hippocampal activation and significantly improved recall the following day. Similar NREM sleep-dependent cued reactivation has been accomplished using auditory rather than olfactory stimuli paired with learning ( Figure 6B ) [124] . As with odors, the re-presentation of auditory cues is temporally linked to increased hippocampal activation during sleep, as measured by fMRI ( Figure 6C ) [125] . Furthermore, post-sleep recollection of previously cued memory items are associated with increased functional connectivity between the hippocampus and the neocortex -suggesting cued reactivation alters the post-sleep neural representation of consolidated information [125] . In summary, sleep after learning preferentially supports the offline processing and consolidation of episodic declarative memories in humans, the success of which correlates with NREM slow wave and sleep spindle oscillations. Mechanistically, these changes are reflected in coordinated patterns of neural reactivation that may be analogous to network replay observed in rodents. Moreover, the consequence of such processing may result in the neural transformation of episodic memories from an initially hippocampus-dependent state to an increasingly cortical-dependent and hence stabilized state, conferring long-term retention [117] .
Discussion
Taken together, there is now clear evidence of, and emerging mechanistic pathways explaining, sleep-dependent memory processing and brain plasticity (summarized in Figure 7 ). Sleep and sleep deprivation bi-directionally impact the molecular signaling pathways that regulate synaptic strength and control plasticity-related gene transcription and protein translation. Moreover, sleep loss impairs the excitability of neurons that is necessary for inducing synaptic potentiation, and leads to a more rapid decay of already established synaptic plasticity. Conversely, both NREM and REM sleep further enhance previously induced synaptic potentiation, although evidence for sleep-related synaptic de-potentiation has also been observed. At a network level, ensembles of hippocampal and cortical cells demonstrate coordinated replay of prior learning-related firing patterns during subsequent sleep, often in unison with specific NREM sleep oscillations. In humans, learning-related hippocampal activity has been shown to similarly re-emerge during subsequent NREM sleep. Furthermore, cortical NREM oscillations that coincide with replay in rodents also facilitate hippocampal memory consolidation in humans, and this consolidation benefit can be experimentally enhanced using exogenous reactivation cues. Finally, specific NREM sleep oscillations before encoding can restore next-day human hippocampal learning, while sleep loss conversely impairs subsequent hippocampal-dependent encoding, converging with molecular and cellular findings in rodents.
In addition to useful commonalities that emerge by uniting this cross-section of findings, so too do knowledge gaps and differences between data sets. These represent fruitful targets for future research programs, and we conclude with a select discussion of several such themes.
Relating Sleep to Behavior
Sleep and memory are defined perhaps most fundamentally as behaviors. Although neuronal firing properties and regional brain activation during specific sleep stages have been studied extensively, many of these studies, particularly in rodent models, have yet to link this physiology to learning and memory, before and/or after sleep. Without such measures, it is more difficult to interpret changes in hippocampal neural function as expressly 'memory' related. One potential novel innovation to bridge cellular and molecular levels with behavior is to use real-time brain activity maps in animals [126] . Beyond the inclusion of behavior, future studies can include more than one learning task, one of which depends on hippocampus function, the other that does not, thereby providing possible insights into interactions or dissociations (in the context of control tasks) in memory processing and underlying neural pathways. Early findings examining differences between hippocampus-and striatum-dependent tasks [127] , or between declarative and procedural tasks [3] , are already proving insightful.
The Role of Sleep in Remote Memories
The majority of sleep-dependent memory consolidation studies focus on the ability to recall 'recent' memories that are only a few hours to a few days old. Such work has productively focused on the classical hippocampal-neocortical or 'systems-level' model of consolidation, ultimately resulting in remote neocortical storage of memories that remain stable long-term. Evidence from human functional neuroimaging studies discussed above indicates a profile of change in hippocampal activity and connectivity fitting these predictions following a single night of sleep, or even a nap. While some rodent studies have examined similar questions across wakefulness [128, 129] , congruent studies in rodent models are lacking. However, emerging work using extrinsic cueing shows promise in elucidating the mechanisms of dialogue between hippocampus and neocortex during sleep [82] . Furthermore, the role of sleep in memory processing is unlikely to have finished after a single night. Therefore, moving beyond the examination of sleep across one night and, instead, examining how sleep modulates memory across multiple nights over longer time durations will provide a more ecological understanding of long-term sleep-dependent memory processing. Such experiments will also enable the generation and testing of new models that move beyond categorical distinctions between systems consolidation and synaptic consolidation [95] . The fact that changes at the level of the synapse are probably involved in systems consolidation suggests that such distinctions, and hence models, may not be accurate conceptions of memory processing. Future theoretical work that aims to set forth a more holistic model of memory processing should provide valuable, one that unites, rather than segregates, forms of plasticity.
Sleep Stages and Types of Memory
As with the need to examine distinct time courses of memory, understanding differences in the role of particular sleep stages continues to warrant deeper examination. The majority of studies in humans have indicated that NREM sleep is critical for both the consolidation and encoding of non-emotional hippocampus-dependent memory, potentially mediated by its stereotypical slow wave [104] and sleep spindle [88] oscillations. However, when compared to those studies, rodent findings at the cellular and molecular levels of analyses commonly indicate REM sleep as especially critical in modulating the mechanisms underlying memory encoding and consolidation. We currently lack an understanding of this discrepancy. One possibility is that animal memory paradigms involve emotion (punishment or reward) to incentivize each learning trial. In human studies, while subjects often receive monetary compensation for participation, they are not often incentivized on each trial, or with respect to their overall performance. Interestingly, when hippocampus-dependent paradigms in humans have been incentivized or are emotionally valenced, associations with REM sleep have frequently emerged (e.g. [130, 131] ). Future studies that manipulate demands of each memory task (for example, emotional or reward-sensitive components) will clarify the specific roles of sleep stages and associated oscillations with greater homology across species. Furthermore, the field could usefully employ double dissociation experiments that look at two kinds of tasks and two kinds of sleep simultaneously, as has been done in classical studies on subjects with brain lesions [132, 133] . Finally, dissociating unique sleep-stage mechanisms using optogenetic approaches in animals holds the promise of precise and selective deprivation of specific stages of sleep, without the need for gross pharmacological or handling manipulations [134] .
Finding Common Ground
A recurrent theme emerging from the above is that while large bodies of complementary work are now emerging from rodents and from humans, across levels of analysis, further homology between studies is needed to directly infer common and causal mechanisms. There are a number of key areas where this homology can be achieved. First is the necessity of developing highly analogous hippocampusdependent memory tasks in humans and rodents. Only by way of such task similarity can results from different species, and levels of analysis, more easily be compared. An example of such overlap may be achieved by using touch screen tasks that are equally suitable in both animal and human contexts. Second, tasks that are sensitive to common sub-fields of hippocampal function in rodents and humans already exist [113] , yet have not been explored in the context of sleep-dependent memory, despite the powerful mechanistic insights they may provide. Third, and beyond behavior, parallel approaches to characterizing the physiology of sleep oscillations across species will strengthen links between separate bodies of knowledge, and potentially resolve inconsistencies in relation to memory processing. For example, standardized definitions of sleep spindles, slow waves, and sharp wave ripples (e.g., frequency ranges, amplitude, temporal dynamics) will improve comparability of datasets both within and between species.
Translational Issues and Future Directions Across the breadth of clinical diagnostic manuals, a wide range of neurological [135] , neurodevelopmental [136] and psychiatric disorders [137] demonstrate comorbid sleep abnormalities negatively impacting general health and life quality. Importantly, many of these same conditions also display co-occurring impairments in learning, memory and plasticity. Sufficient knowledge now exists to generate empirically informed hypotheses to test the causal contribution of sleep disruption to memory impairment in these conditions. Not only will this help explain mnemonic abnormalities comorbid with sleep disruption, but it will also allow clinicians and clinical researchers a path to develop the next generation of therapeutic approaches to treat memory deficits whose etiology is sleep related. Early work in conditions such as depression [138, 139] , schizophrenia [140] , Parkinson's disease [141] and cognitive aging [117] (and others) already signal significant interactions. Further, many of the medications used to treat psychiatric and neurological disorders can themselves alter sleep. For example, the frequently used antidepressant and norepinephrine reuptake inhibitor desipramine is a potent inhibitor of REM sleep and modulates sleep-dependent memory [127] . In addition, millions of people each night routinely self-administer prescribed and non-prescribed pharmacological agents in an attempt to initiate and/or maintain sleep. Nevertheless, we know remarkably little about their effects on sleep-dependent memory processes [142] .
Finally, although the impact of sleep deprivation has been studied extensively, the time course and severity of the mnemonic impairments that develop with accruing sleep loss, and as important, the time course of subsequent recovery, remains poorly characterized. Studies that more formally develop a 'dose-response curve' of the impact of sleep deprivation and sleep recovery on memory function are needed for several reasons. First, they will better inform potentially different underlying neural mechanisms associated with short-, medium-and long-term sleep loss, and the capacity of the biological system to recover from each. Second, they will help to more clearly elucidate what type (or types) of sleep physiology restore memory functions following these respective deprivation periods. Third, they will be of significant ecological validity: in industrialized nations, chronic sleep restriction is more common than acute sleep deprivation, yet we know far less about the former, and recovery from it, at the level of memory and brain plasticity. Finally, the vast array of clinical disorders that express comorbid sleep disruption and memory impairment commonly present with a history of long-term sleep loss. The impact of such chronic sleep loss, and the capacity and extent of the system to recover, all remain unanswered questions in the context of therapeutic expectations and interventions.
